MicroRNAs (miRNAs) play crucial roles in the establishment of pluripotent state by controlling pluripotent network. However, the molecular mechanisms controlling miRNAs during somatic cell reprogramming remain obscure. In this study, we show Gadd45a (growth arrest and DNA-damage-inducible protein 45a) enhances reprogramming by activating miR-295. Furthermore, we show that Gadd45a binds the promoter regions of miR-295. Nuclease accessibility assay indicates that Gadd45a opens the promoter regions of miR-295. Levels of H3K9Ac and H3K27Ac on the promoter regions of miR-295 were also increased. In conclusion, our results indicate that Gadd45a relaxes the promoter regions of miR-295 and promotes the expression of miR-295 during reprogramming, implying a concise mechanism of Gadd45a and miR-290 cluster cooperation in cell-fate determination.
MicroRNAs (miRNAs) are endogenous short noncoding RNAs that regulate gene expression and control many physiological processes including development, homeostasis and metabolism. 1, 2 Aberrant miRNA expression is involved in cancer and many other diseases. 3, 4 Recent studies have revealed that miRNAs play critical roles in pluripotency maintenance and somatic cell reprogramming. 5, 6 Several miRNAs including miR-291-3p, miR-294 and miR-295 form the miR-290 cluster and belong to the embryonic stem cell-specific cell cycle regulating miRNAs 7 that enhance the generation of mouse induced pluripotent stem cells (iPSCs) using Sox2, Klf4 and Oct4 (SKO). 8 The miR-290 cluster is involved in the epigenetic control of gene expression and is suggested to promote the G1/S transition to accelerate cell proliferation. 7, 9 Other miRNAs, such as the miR-302 and miR-200 clusters, have also been shown to enhance reprogramming through promoting the mesenchymal-to-epithelial transition, [10] [11] [12] an early event in the reprogramming of fibroblasts. 13, 14 Several groups have reported that iPSCs could be generated using only miRNAs. 15, 16 The first such study employed the miR-302 cluster, whereas others used miR-200c, miR-302s and miR-369s. 15, 16 There are also miRNA families such as miR-34, miR-21 and miR-29a that interfere with reprogramming. 17, 18 miR-34 is a target of P53, a known repressor of reprogramming. 17, 19, 20 miR-21 and miR-29a are abundantly expressed in mouse embryonic fibroblasts (MEFs) and depletion of each results in enhanced reprogramming efficiency. 18, 21 Gadd45 (growth arrest and DNA-damage-inducible protein 45a) is a potential RNA-binding protein involved in many cellular processes including cell cycle, senescence, tumor progression, DNA repair and active DNA demethylation. [22] [23] [24] The expression of Gadd45a has been detected in many mammalian cells, and the rapid induction of Gadd45a upon environmental stress and drug therapies has been observed in every cell type tested to date, which is a protective mechanism against DNA damage.
24,25 Mechanistically, Gadd45a interacting with core histones and opening chromatin is important for DNA damage repair. 24, 26 The expression of Gadd45a was also analyzed during embryonic development. Section and whole mouse embryos analysis shows most prominent Gadd45a expression in the tip of the closing neural tube, the cranial and dorsal root ganglia and the somites that predominantly encompass areas of cell differentiation. 27 Previously, we reported that Gadd45a is a heterochromatin relaxer that enhances iPSC generation by promoting pluripotent gene expression during reprogramming. 26 Here, we demonstrate that Gadd45a relaxes the promoter regions of miR-295 and increases the expression of miR-295 during reprogramming, showing a novel concise targeting of Gadd45a in noncoding RNA in cell-fate determination.
Results

Gadd45a upregulates miR-290 cluster in reprogramming.
Previously, we reported that Gadd45a is a heterochromatin relaxer that could enhance somatic cell reprogramming efficiency. 26 By counting the GFP+ colony number and FACS quantification of GFP+ cells, we confirmed that Gadd45a overexpression significantly promotes the appearance of GFP+ cells in MEFs carrying a transgenic Oct4-GFP promoter infected with SKO or SKO plus c-Myc (SKOM) (Figures 1a and b and Supplementary Figures S1a and b) . The iPSC colonies generated by SKO plus Gadd45a have normal karyotypes and expression of endogenous pluripotency markers such as Rex1, Nanog and Ssea1
( Supplementary Figures S1c-e) . These iPSCs were able to form chimeric mice with germline transmission (Supplementary Figure S1f) . We further showed that in the presence of vitamin C 28 or in a high efficiency medium In the absence of vitamin C, the numbers of GFP+ colonies were counted at day 17; in the presence of vitamin C, the numbers of GFP+ colonies were counted at day 13; in iCD1 medium, the numbers of GFP+ colonies were counted at day 7. Data are represented as mean ± S.D.; n = 3. *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. iCD1, 29 Gadd45a expression produces many more iPSCs in both SKO-and SKOM-mediated reprogramming (Figure 1b) . During SKOM-mediated reprogramming, there are alkaline phosphatase (AP) expression and GFP-negative (AP+GFP − ) colonies considered partially reprogrammed cells. 28, 30 We counted the AP+ colonies and found a high ratio of AP+GFP+ to AP+GFP − colonies upon Gadd45a overexpression (Figure 1c ). These results demonstrate that Gadd45a can enhance reprogramming in various media and suppress the formation of partially reprogrammed cells.
To investigate the miRNAs regulated by Gadd45a during reprogramming, we performed miRNA microarray in both SKO-and SKOM-mediated reprogramming at day 8. Gadd45a was found to regulate 23 miRNAs in SKO-mediated reprogramming and 45 miRNAs in SKOM-mediated reprogramming (Supplementary Figure S2) . Among them, four miRNAs were Figure 2 Gadd45a enhances reprogramming through activating miR-295. (a) Efficiencies of SKO-and SKOM-mediated reprogramming were tested in the presence of Gadd45a and miR-294. The numbers of GFP+ colonies were counted at day 17. Data are represented as mean ± S.D. n = 3.; *P ≤ 0.05, **P ≤ 0.01, ***P ≤ 0.001. (b) Efficiencies of SKO-and SKOM-mediated reprogramming were tested in the presence of Gadd45a and miR-295. The numbers of GFP+ colonies were counted at day 17. Data are represented as mean ± S.D.; n = 3. **P ≤ 0.01, ***P ≤ 0.001. (c) Efficiencies of SKO-and SKOM-mediated reprogramming were tested in the presence of Gadd45a and miR-295 inhibitor. The numbers of GFP+ colonies were counted at day 22. Data are represented as mean ± S.D.; n = 3. *P ≤ 0.05, ***P ≤ 0.001 found to be upregulated in both the SKO and SKOM data sets: miR-292-3p, miR-293, miR-294 and miR-295, all of which belong to the miR-290 cluster (Figure 1d ). In addition there was one miRNA, miR-324-3p, that was found to be downregulated by Gadd45a expression in both SKO and SKOM reprogramming (Supplementary Figure S2) .
To substantiate this finding, we evaluated the expression of the five miRNAs by qPCR at different days during reprogramming. Indeed, miR-292-3p, miR-293, miR-294 and miR-295 were significantly upregulated by Gadd45a during both SKO-and SKOM-mediated reprogramming (Figure 1e and Supplementary Figure S3a ). However, Gadd45a did not downregulate miR-324-3p during SKO reprogramming, and in SKOM reprogramming, Gadd45a inhibited the expression of miR-324-3p only at day 8 (Supplementary Figure S3a) . Notably, Gadd45a alone failed to up-regulate the expression of miR-290 cluster or downregulate the expression of miR-324-3p (Supplementary Figure S3b) . Furthermore, we found Gadd45a did not alter the cell cycle of MEFs after overexpression (Supplementary Figure S3c) . Together, it appears that Gadd45a promotes reprogramming by increasing miR-290 cluster.
Gadd45a and miR-295 function in the same way to enhance reprogramming. Among the four upregulated miRNAs, miR-294 and miR-295 are embryonic stem cellspecific miRNAs and have already been reported to enhance SKO-but not SKOM-mediated reprogramming. 8 We introduced miR-294 or miR-295 to SKO-and SKOM-mediated reprogramming in the presence and absence of Gadd45a (Supplementary Figure S4a) . As reported, miR-294 promoted iPSC generation with SKO but not SKOM (Figure 2a) . In SKO-mediated reprogramming, miR-294 further increased the reprogramming efficiency in the presence of Gadd45a (Figure 2a) . We found, however, that miR-295 enhanced both SKO-and SKOM-mediated reprogramming (Figure 2b and Supplementary Figure S4b) . In SKO-mediated reprogramming, miR-295 generated more iPSCs than Gadd45a alone, whereas in SKOM-mediated reprogramming, miR-295 was less efficient than Gadd45a (Figure 2b ). Combining miR-295 and Gadd45a failed to further enhance reprogramming efficiency in both SKO-and SKOM-mediated reprogramming beyond the levels achieved by either miR-295 or Gadd45a alone, respectively (Figure 2b) .
To further investigate whether miR-294 or miR-295 is required in Gadd45a enhancing reprogramming, we tried the inhibitors of miR-294 and miR-295 in reprogramming (Supplementary Figure S4c) . Chemically modified, singlestranded nucleic acids were designed as miRNA inhibitors to specifically bind to and inhibit endogenous miRNAs. Inhibition of endogenous miR-294 has no effect on reprogramming, neither in the absence nor in the presence of Gadd45a (Supplementary Figure S4d) . In addition, the inhibitor of miR-295 has no obvious effect on reprogramming in the absence of Gadd45a (Figure 2c ). However, in the presence of Gadd45a, the inhibitor of miR-295 inhibits both SKO-and SKOM-mediated reprogramming significantly (Figure 2c) . These results suggest that Gadd45a is enhancing reprogramming through activating miR-295. As the inhibition of miR-295 did not completely impair the increased reprogramming efficiency by Gadd45a overexpression, extra mechanisms may act downstream of Gadd45a to mediate the enhancement of reprogramming, such as activating endogenous pluripotency genes reported previously.
It is noted that there is a reduction impact on reprogramming efficiency by miR-295 in the presence of SKOM compared with SKO ( Figure 2b ). It has also been reported that Myc proteins could bind to the promoter region of the miR-290 cluster. 8 To explore the relationship between c-Myc and miR-295, we performed chromatin immunoprecipitation PCR assays (ChIP-PCR) and showed c-Myc binds to the proximal promoter region of miR-295 (Figure 3a) . Then, we detected the expression of miR-295 induced by factors, and found that miR-295 was robustly activated at day 8 in SKOM-mediated reprogramming, whereas single c-Myc or SKO could not (Figure 3b ). These results indicate that miR-295 acts downstream of c-Myc in SKOM-mediated reprogramming.
As c-Myc has been reported to induce gain of proliferation and metabolic changes from oxidative metabolism to glycolysis as the first wave in reprogramming, 31 we then asked whether miR-295 is involved in this function of c-Myc. We quantified the proliferation of MEFs in reprogramming and found that miR-295 could promote cell proliferation at the late phase of SKO-mediated reprogramming but to a much less extent of c-Myc, and had no effect during the whole process of SKOM-mediated reprogramming (Figure 3c ). Next, we detected the expression of glycolysis genes, and showed that unlike c-Myc, miR-295 did not increase the expression of glycolysis genes (Figure 3d ). These results indicate that miRNA-295 is not involved in c-Myc function in deriving cell proliferation and metabolic transition.
Gadd45a binds to and opens up the promoter regions of miR-295. To gain further insight into how Gadd45a regulates miR-295 expression in reprogramming, we designed several primers in the promoter regions of miR-295 and performed ChIP-PCR (Figure 4a ). Using this technique we found no interactions between Gadd45a and miR-295 promoter regions (Figure 4a ). It was reported that Gadd45a interacts with core histones, 24 ,26 and hence we performed ChIP using (Figure 4b ). We showed previously that Gadd45a is a heterochromatin relaxer that operates on the promoter regions of pluripotent genes in reprogramming. 26 We detected chromatin compaction status in miR-295 promoter regions by a nuclease accessibility assay 32 that was verified using positive and negative controls (Supplementary Figure S5) . The tested regions displayed more open structures upon infection with SKO compared with MEFs infected with the Flag control (Figure 4c ). Gadd45a was able to further increase the nuclease access in SKO reprogramming (Figure 4c) .
These results were consistent with our previous report that Gadd45a is a heterochromatin relaxer and further demonstrated Gadd45a opens the promoter regions of miR-295.
Gadd45a increases the levels of H3K9Ac and H3K27Ac.
Histone acetylation is a marker of open chromatin and is associated with active gene promoters and transcription. 33, 34 We performed ChIP assays with antibodies targeting histone H3 lysine 9 acetylation (H3K9Ac) and histone H3 lysine 27 acetylation (H3K27Ac) at the promoter regions of miR-295. Overexpression of Gadd45a increased H3K9Ac and H3K27Ac levels (Figure 5a ). In SKO-mediated reprogramming, the ChIP assays also showed an increase of the H3K9Ac and H3K27Ac levels in the presence of Gadd45a (Figure 5b ). The increase of histone acetylation levels at the promoter regions of miR-295 is in agreement with the activation of miR-295 expression in the presence of Gadd45a during reprogramming (Figure 6 ).
Discussion
In this report, we show that Gadd45a promotes the expression of miR-290 cluster miRNAs during reprogramming. Further analysis indicated that Gadd45a activates miR-295 to enhance reprogramming. Besides, in human cells, the orthologs of the mouse miR-290 cluster are miR-371-373 cluster. 11 Our unpublished data show that miR-372-5p, which was reported to promote the human fibroblast reprogramming, 11 could be upregulated upon GADD45A overexpression in SKOM-mediated human skin fibroblast reprogramming, and further work needs to be done.
The miRNAs are essential in both embryonic development and somatic cell reprogramming. 35, 36 Mouse knockouts for the RNAprocessing proteins Dicer1 and Dgcr8 result in global defects of miRNA maturation and are lethal during embryogenesis. 36 Dgcr8 knockout mouse embryonic stem cells (mESCs) display defects in proper differentiation and fibroblasts lacking mature miRNAs are not able to generate iPSCs, suggesting that miRNAs play crucial roles in cell-fate determination. 35, 37 Analysis of the putative target genes of miRNAs can provide insight into the mechanisms of reprogramming. Many studies have revealed that miRNAs involved in cell cycle, mesenchymalto-epithelial transition, DNA methylation and apoptosis can be used to enhance or inhibit pluripotency induction. 5, 6, 21 For example, the miR-290 cluster is highly expressed in mESCs and inhibits several key regulators of the G1/S transition, thus accelerating cell proliferation by promoting the G1/S transition. 7 The miR-290 cluster targets and silences Rbl2, a transcriptional repressor of DNA methyltransferases 3a and 3b, to regulate DNA methylation in ESCs. 9, 38 The miR-290 cluster was also identified to directly target caspase 2 and etoposide-induced 2.4 mRNA, a Tp53 target, thus linking the survival of mESCs with DNA damage pathways. 39 Our unpublished data indicate that the expression of miR-295 shows no difference between Gadd45a overexpression, Gadd45a knockout and wild-type ESCs. These suggest that our finding of Gadd45a activating miR-295 may play its role in cell transition such as pluripotency acquirement or exit but not pluripotency maintaining.
Previously, we found that Gadd45a could relax the promoter regions of pluripotency genes and promote their expression during reprogramming. 26 In this study, we showed that Gadd45a likewise promotes the expression of miR-295, providing further evidences for the function of Gadd45a in chromatin relaxation. Another group reported that Gadd45a could be recruited to the promoter of rRNA genes, resulting in increased pre-rRNA synthesis. 40 Our results demonstrate that Gadd45a regulates the expression of genes and noncoding RNAs by acting on chromatin. It will be interesting to test whether Gadd45a also regulates other noncoding RNAs such as lncRNAs, piwiRNAs. Moreover, considering Gadd45a expression has been detected in the closing neural tube, the ganglia and the somites during mammalian embryonic development, 27 and upon environmental stress and drug therapies in the cellular response, 24, 25 our finding of Gadd45a activating miR-295 by chromatin relaxation would shed light on the studies of Gadd45a functions. Indeed, Gadd45a has been reported to play role in differentiation, 26, 41 and in future it would be interesting to test the possible role of Gadd45a-miR-295 in these processes.
Gadd45a was early identified as an RNA binding protein, but which RNAs bound to Gadd45a in a physiological context remained unknown. 42 We and others have found that Gadd45a regulates the expression of several noncoding RNAs. 40 These findings suggest a complex connection between Gadd45a and RNAs in which Gadd45a may cooperate with RNAs to regulate physiological processes. For instance, Gadd45a could induce G2/ M arrest whereas the miR-290 cluster, which is regulated by Gadd45a, promotes the G1/S transition. 7, 43 Moreover, Gadd45a has been reported to mediate active DNA demethylation, 23 whereas the miR-290 cluster is involved in de novo DNA methylation. 9 Altogether, these studies suggest that Gadd45a cooperates with the miR-290 cluster in regulating the cell cycle and DNA methylation status to maintain cell homeostasis and determine cell fate.
Materials and Methods
Cell lines. OG2-MEFs were derived from E13.5 embryos obtained by crossing OG2 male mice (a transgenic Oct4 promoter driving GFP expression) with 129/sv female mice and used for reprogramming within two passages. MEFs and plat-E cells were maintained in DMEM/high glucose supplemented with 10% fetal bovine serum (FBS) (Hyclone, Logan, UT, USA). Mouse iPSCs and ESCs were maintained in a media containing DMEM/high glucose (Hyclone)+N2 (Gibco, Waltham, MA, USA)+B27 (Gibco)+NEAA (Gibco)+GlutaMax (Gibco)+CHIR99021 (Selleck, Houston, TX, USA) +PD0325901 (Selleck)+lif. The cells were obtained with approval from the ethics committee of the Guangzhou Institutes of Biomedicine and Health, Chinese Academy of Sciences (Guangzhou, China).
Plasmid construction. All expression vectors were based on the retroviral pMXs backbone and purchased from Addgene (Cambridge, MA, USA). The miRNAs were amplified from genomic DNA of MEFs and cloned into the pMXs vector. Primers for miR-294 were: forward (5′-GTGTTGCATCATTTGGG TGTCATCTGTGG-3′) and reverse (5′-TCATCCCAGTTCCAGGAAACCTTC ATCTGGATTC-3′).
Primers for miR-295 were: forward (5′-TTATCCTTTTGGCATTGAATAATCCTTAATC TTCAG-3′) and reverse (5′-TCAAAACAAAAACTGAGAAAGCAGCAAAATCAAGAG-3′).
Virus infection and iPSC generation. Retroviral vectors (pMXs) carrying the factors were transfected into plat-E cells using PEI (Polyscience, Niles, IL, USA) Oct4, Sox2, Klf4, c-Myc and other plasmids were transfected into plat-E cells using PEI (Polyscience) to generate viral stocks that infect OG2-MEFs cultured in medium containing 15% FBS (Gibco)+NEAA (Gibco)+GlutaMax (Gibco)+sodium pyruvate (Gibco)+β-mercaptoethanol (Invitrogen, Carlsbad, CA, USA)+lif. Vitamin C (Sigma) was added at 50 μg ml − 1 . iCD1 medium was obtained from Dr. Jiekai Chen's lab (Guangzhou Institutes of Biomedicine and Health, CAS). The GFP+ colonies were counted at the indicated days. iPSC colonies were picked up and characterized. Chimeras were generated by injecting iPSCs into blastocysts derived from ICR mice, followed by implantation into pseudopregnant ICR mice. F2 mice were breeding with chimeric mice and ICR mice to determine germline transmission of iPSCs.
The miRNA inhibitors were bought from GeneCopoeia (Rockville, MD, USA) and transfected into MEFs with PEI following the manufacturer's instructions.
AP staining. After washing with PBS, cells were fixed with 4% paraformaldehyde, incubated at room temperature for 8 min and washed twice with 1 ml PBS. Freshly prepared AP staining solution (4.5 μl 50 mg ml − 1 nitro blue tetrazolium, 3.5 μl 50 mg ml − 1 5-bromo-4-chloro-3-indolyl phosphate in 100 mM Tris-HCl, pH 9.5, 100 mM NaCl, 50 mM MgCl 2 ) was added to the cells before incubating in dark at room temperature for 10 min. The staining solution was aspirated, and plates were washed with PBS and imaged. 
